I N 1897, Stewart 1 described the indicatordilution technique for determining flow and volume. The technique has been used extensively in physiological studies. Although subject to unpredictable errors, 2 the validity of the method for determining flow or cardiac output has been generally accepted. 3 The volume measured by this method is generally recognized as indefinite and not conforming to specific anatomical limits. It has been defined as the volume, including all temporarily equidistant points, from the site of injection to the site of sampling. 4 Several indefinite terms have been used to define this volume; for example, the " Q " volume, 5 the central pool, 6 and the "needle-to-needle" volume. 4 Occasionally, however, the volume measurement has been given anatomical limits and referred to as the pulmonary blood volume 7 (with or without quotes).
We have previously indicated 8 in an abstract that changes in the flow characteristics in the aorta and its major branches can result in dramatic changes in the calculated volume. These changes apparently occurred with no change in the volume of the heart or pulmonary bed. The inconstancy and potential mag-nitude of the arterial contribution is not generally appreciated and may constitute a major pitfall in the interpretation of the calculated '' central blood volume.'' The original data are, therefore, reported in detail.
Methods
Eight male college students were studied during the postabsorptive period. A no. 6 or 7 radiopaque catheter was passed via an anteoubital vein to the right atrium; no. 18 Coumand needles were placed in the braehial and femoral arteries. Following right atrial injection, continuous indocyanine dyedilution curves were recorded successively from the braehial as well as from the femoral arteries by a single Gilford densitometer,* as previously reported, 3 at rest and during reactive hyperemia of the legs.
Reactive hyperemia of both legs was produced by occluding arterial inflow to the thighs for 15 minutes using 8-inch pneumatic cuffs inflated 20 mm. Hg above systolic arterial pressures. In each subject, the dye was injected 15 seconds after the release of the cuffs. The order of recording the curves following the reactive hyperemia was alternated in successive subjects to avoid introducing a bias.
The cardiac output and mean circulation time (MCT) were calculated from each curve by the method of Hamilton. 0 The "central blood volume" (CBV) was determined by the formula:
"CBV" (ml.) = CO. (ml./mm.) X MCT (sec.) 60 '
Results
The cardiac output and mean circulation times from both sampling sites at rest and during reactive hyperemia are recorded in were obtained from the curves recorded from the femoral artery.
In contrast, during the period of reactive hyperemia, the calculated "central blood volume" measured from the brachial and femoral arterial sites differed strikingly (table 2) . The mean volume calculated from the curve obtained from the brachial artery was 2,200 ml. (range 1,630 to 2,920 ml.). The mean value from the femoral artery was 1,440 ml. (range 980 to 1,690 ml.).
When compared with the control calculations, the mean indicator-dihttion volume calculated from the brachial artery increased during reactive hyperemia 569 ml., whereas the mean volume calculated from the femoral artery decreased 144 ml. The average discrepancy between the volume changes at the two sampling sites is a respectable 713 ml. Analysis of variance 10 indicates high statistical significance for this difference (P < 0.01).
It is apparent that if only the brachial arterial sampling site had been used in this study, the "central blood volume" data would have indicated that reactive hyperemia in the legs is associated with a consistent shift of blood into the central portion of the circulatory system. The data from the two sampling sites, however, makes it clear that no such conclusion is justified. Any change in the volume of blood within the pulmonary vascular bed or heart should produce an equal change in the indicator-dilution volume measured from any arterial sampling site. The large discrepancy between the "central blood volume" changes in this study can be explained only on the basis of changes occurring within the arterial system itself.
It is possible that volume changes in the arterial branches leading to the sampling sites might be responsible for the observed changes in dye-dilution volume. Such an explanation requires the assumption that hyperemia of the legs produced a large decrease in the volume of the descending aorta and iliac vessels and an increase in the volume of the subclavian and brachial arteries. It seems unlikely that arterial volume changes of the required magnitude or direction occur during reactive hyperemia.
Theoretical considerations would suggest that such changes in the calculated "central blood volume" could be due to changes in flow distribution in the diverging branches of the aorta, i.e., the brachial and femoral arteries, with no change in absolute volume. A model system was set up, therefore, to test this hypothesis.
Model Study
A .simple diverging system was constructed ( fig. 1 ) to simulate the flow pattern observed in man. V c represented the heart, lungs, and root of aorta, while the two divergent channels (V sl and V s2 ) represented the peripheral arteries. Satisfactory mixing of the injected dye was achieved by adding glass beads to the common channel (V u ) and agitating it continuously with a mechanical shaker. Independent control and measurement of flow in the two diverging channels was possible.
Evans blue dye (T 1824) was used as the indicator, and resulting dye-dilution curves were recorded simultaneously from the two channels through Gilford densitometers and a photographic recording system. In this system, for each experiment, therefore, the volume was constant, but the distribution of flow in the two limbs was varied. Flow, mean circulation time, and "central blood volume" were calculated as previously indicated. Illustrative examples are recorded in table 3. The difference between the measured flow and that calculated by the dilution curve is within the limit of the error of the method and the analogue.
The mean circulation time from the site of injection to the site of sampling in the two limbs is T c + T S1 and T c + T s2 , respectively ( fig. 1) . The mean circulation time for each sampling site varied with the velocity of flow in each of the divergent limbs. It can be seen that even though the absolute volume remained constant, the greater the velocity of flow and, therefore, the shorter the mean circulation time in the sampling limb, in respect to the other limb, the smaller the calculated volume. The difference in the calculated volumes determined in limb no. 1 and 2 in study no. 2, 3, and 4 is analogous to the differences seen in the human studies.
Discussion
The great increase in flow into the legs and the relative decrease in flow into the arms during reactive hyperemia of the legs is analogous to the flow distribution changes shown in table 3. It seems probable, therefore, that the large discrepancy between the "central blood volume" calculation recorded from the braehial and femoral arteries is largely the result of redistribution of the arterial flow accompanying leg hyperemia.
It should be emphasized that no absolute decrease in flow in the arms need occur dur- ing reactive hyperemia to produce an increase in the "central blood volume" measurement, if brachial flow remains constant or even increases slightly while the cardiac output increases markedly, a relative decrease in brachial arterial flow results, and the indicator-dilution volume will be altered. The data presented also indicate that the changes in indicator-dilution volume which result from flow distribution changes in the arterial system may be of considerable magnitude. Indeed, the average discrepancy of 713 ml. noted in this study is as large as most of the '' central blood volume" changes reported in the literature.
Theoretical considerations and model studies in our laboratory indicate that changes in flow distribution in a system of converging channels, like the venous system, can also produce striking changes in the indicator-dilution volume. The direction and magnitude of these changes should be similar to those observed in a comparable diverging system. Therefore, changes in flow distribution can influence the indicator-dilution volume whenever such measurements are made by a method which utilizes a peripheral blood vessel for either the injection or the sampling site.
It is well known that regional changes in arterial flow which are disproportionate to cardiac output changes can occur under many circumstances. Well-documented examples include exercise. 12 hyperventilation, 12 reactive hyperemia, 13 and A-V fistula. 14 It seems likely that many other hemodynamic changes are also associated with some redistribution of arterial flow which can potentially influence the peripherally measured indicator-dilution volume. The present study gives no indication of the magnitude of these flow distribution efiects in other experimental situations, but the data demonstrate that under the proper circumstances, such effects may be quite large. Recent work by Marshal et al. 15> 1(1 also emphasizes the magnitude of the contribution which the peripheral vascular system makes to the "central blood volume." Until more adequate methods are developed for directly evaluating changes in volume and flow distribution in peripheral vessels, great caution must be used in equating changes in a peripherally measured indicator-dilution volume with corresponding volume changes in any of the intrathoracic vascular structures.
Fortunately, it is possible to circumvent some of the difficulties in interpreting the indicator-dilution volume which is measured from a diverging or converging system. The indicator may be injected directly into the right side of the heart, and sampling may be done from the root of the aorta. Studies by Schlant et al., 17 using such a technique, have shown very satisfactory agreement between the indicator-dilution volume and the volume of blood in the heart and lungs measured by a more direct method. These studies were clone Circulation Research. Volume IX, November 19GJ in anesthetized, open-chest dogs. Further studies will be required to be certain that this •rood agreement will not be adversely affected by such physiological changes as very high or very low cardiac output, variable intrapleural pressure, very slow heart rate, or variation in the pulmonary vascular resistance.
Aortic arch sampling in humans has been greatly facilitated by the development of extremely thin-walled catheters and needles. Such catheters have lumens large enough to permit adequate flow for continuous sampling and can be easily and safely introduced percutaneously into the femoral artery. The shape of the curve will be altered slightly but probably insignificantly (H. K. Thompson, J. C. Sleeper, and H. D. Mclntosh, unpublished observations) and a delay will be introduced as the bolus passes through the catheter. A more precise method would utilize a sensing element on the tip of the catheter lying in the root of the aorta.
The volume indicator-dilution calculation based on peripheral injection and/or sampling must be viewed with skepticism. It would seem, however, that the volume may correlate more accurately with a given anatomical limit if the injection and sampling are done centrally. Summary During reactive hyperemia of the legs of normal subjects, the "central blood volume" increased 569 ml. when measured from a brachial arterial sampling site but decreased 144 ml. when measured from the femoral artery. This study demonstrates that changes occurring within the peripheral arterial system can profoundly influence "central blood volume" measurements which are made from a peripheral arterial sampling site. Failure to recognize the inconstancy and the potential magnitude of the arterial contribution is a major pitfall in the interpretation of the calculated "central blood volume." It is suggested that changes in either arterial volume or arterial flow distribution may alter the "central blood volume" but that the distribution effect is the more probable cause of the changes seen in this study. Alterations in "central blood volume," which result from changes within the peripheral vasculature, cannot be readily distinguished from those caused by changes in the volume of blood in the heart and lungs. Peripheral effects can be avoided if the indicator is injected into the right auricle and sampling is done from the root of the aorta.
